Although human coronavirus OC43-OC43 (HCoV-OC43) is the coronavirus most commonly associated with human infections, little is known about its molecular epidemiology and evolution. We conducted a molecular epidemiology study to investigate different genotypes and potential recombination in HCoV-OC43. Twenty-nine HCoV-OC43 strains from nasopharyngeal aspirates, collected from 2004 to 2011, were subjected to RNA-dependent RNA polymerase (RdRp), spike, and nucleocapsid gene analysis. Phylogenetic analysis showed at least three distinct clusters of HCoV-OC43, although 10 unusual strains displayed incongruent phylogenetic positions between RdRp and spike genes. This suggested the presence of four HCoV-OC43 genotypes (A to D), with genotype D most likely arising from recombination. The complete genome sequencing of two genotype C and D strains and bootscan analysis showed recombination events between genotypes B and C in the generation of genotype D. Of the 29 strains, none belonged to the more ancient genotype A, 5 from 2004 belonged to genotype B, 15 from 2004 to 2006 belonged  to genotype C, and 1 from 2004 and all 8 from 2008 to 2011 belonged to the recombinant genotype D. Molecular clock analysis using spike and nucleocapsid genes dated the most recent common ancestor of all genotypes to the 1950s, genotype B and C to the 1980s, genotype B to the 1990s, and genotype C to the late 1990s to early 2000s, while the recombinant genotype D strains were detected as early as 2004. This represents the first study to describe natural recombination in HCoV-OC43 and the evolution of different genotypes over time, leading to the emergence of novel genotype D, which is associated with pneumonia in our elderly population.
Coronaviruses cause infections in a wide variety of animals, resulting in respiratory, enteric, hepatic, and neurological diseases of various levels of severity. Based on genotypic and serological characterization, coronaviruses traditionally were classified into three distinct groups, groups 1, 2, and 3 (4) . Recently, the Coronavirus Study Group of the International Committee for Taxonomy of Viruses has renamed the traditional group 1, 2, and 3 coronaviruses as Alphacoronavirus, Betacoronavirus, and Gammacoronavirus, respectively (http: //talk.ictvonline.org/media/p/1230.aspx).
The recent severe acute respiratory syndrome (SARS) epidemic due to SARS coronavirus (SARS-CoV) and the identification of SARS-related coronaviruses (SARSr-CoVs) from Himalayan palm civets and horseshoe bats in mainland China have led to a boost in interest in the study of coronaviruses in both humans and animals (5, 13, 24, 26, 33, 37, 55) . Before the SARS epidemic in 2003, there were only 19 known coronaviruses, including 2 human, 13 mammalian, and 4 avian coronaviruses. After the SARS epidemic, more than 20 additional novel coronaviruses have been described with complete genome sequences (9, 24-26, 31, 42, 45, 50, 53, 54, 57) . These include 3 human coronaviruses, 15 mammalian coronaviruses, and 4 avian coronaviruses. For human coronaviruses, human coronavirus NL63 (HCoV-NL63) (an alphacoronavirus) and human coronavirus HKU1 (HCoV-HKU1) (a betacoronavirus) have been discovered in addition to the two previously known human coronaviruses, human coronavirus 229E (HCoV-229E) (an alphacoronavirus) and human coronavirus OC43 (HCoV-OC43) (a betacoronavirus), as well as SARS-CoV (a betacoronavirus) (9, 45, 53, 56) . While HCoV-229E and HCoV-OC43 were thought to account for 5 to 30% of human respiratory tract infections, HCoV-NL63 and HCoV-HKU1 often were detected in Ͻ5% of respiratory tract samples (23, 29, 38) . Outbreaks due to HCoV-OC43 also have been reported (3, 32, 44) . Nevertheless, the different HCoVs often cocirculate, with one or two HCoVs being predominant depending on the geographical area and year (8, 11, 19, 23) .
Coronaviruses are unique in having a high frequency of homologous RNA recombination, which is a result of random template switching during RNA replication that is thought to be mediated by a copy-choice mechanism (28, 46) . Their tendency for recombination and high mutation rates may allow them to adapt to new hosts and ecological niches. During our previous investigations on the molecular epidemiology of HCoV-HKU1, we documented the first evidence for natural recombination in coronavirus associated with human infection, resulting in the generation of different HCoV-HKU1 genotypes (23, 52, 56) . Since some strains of HCoV-HKU1 were found to display incongruent phylogenetic relationships upon the analysis of the RNA-dependent RNA polymerase (RdRp), spike (S), and nucleocapsid (N) genes, recombination events were suspected and later confirmed with the complete genome sequencing of 22 strains of HCoV-HKU1 and recombination analysis (52) . Although HCoV-OC43 is thought to be the most commonly encountered human coronavirus, no similar molecular epidemiology studies have been performed, and little is known about its evolution among humans. Only five complete genome sequences of HCoV-OC43, two from the same American Type Culture Collection (ATCC) strain, VR759, that was isolated in 1967, one Paris strain that was isolated in 2001, and two Belgium strains detected in 2003 and 2004, were available in GenBank (39, 47, 48) . In this study, we investigate the presence of different genotypes among HCoV-OC43 strains and identify potential recombination events that lead to the generation of novel genotypes, a situation analogous to that observed for HCoV-HKU1. HCoV-OC43 detected from the nasopharyngeal aspirates (NPAs) from 29 patients with respiratory tract infections from 2004 to 2011 were subjected to complete RdRp, S, and N gene sequencing and analysis. The clinical characteristics of patients also were analyzed in rela-tion to molecular epidemiology results. As initial analyses showed the presence of potential recombination events, two complete genomes of HCoV-OC43 were selected for sequencing and further analysis. The emergence of a novel genotype of HCoV-OC43 through recombination and the evolution of different HCoV-OC43 genotypes also was described.
MATERIALS AND METHODS
HCoV-OC43 strains. Twenty-nine HCoV-OC43 strains were detected from nasopharyngeal aspirates of patients with acute respiratory tract infections who had been admitted to two Hong Kong public hospitals, Queen Mary Hospital and Pamela Youde Nethersole Eastern Hospital. They were randomly selected during a 7-year period (November 2004 to February 2011) and were included in this study (23) . All NPAs were negative for influenza A and B viruses, parainfluenza virus types 1, 2, and 3, respiratory syncytial virus, and adenovirus by direct immunofluorescence, and they also were negative for metapneumovirus, human coronavirus HKU1, human coronavirus 229E, and human coronavirus NL63 by reverse transcription-PCR (RT-PCR) (23, 56) .
RNA extraction. Viral RNA was extracted from the NPAs of the corresponding patients using a QIAamp viral RNA Minikit (QIAgen, Hilden, Germany). The RNA pellet was eluted in 50 l of DNase-free, RNase-free double-distilled water and was used as the template for RT-PCR.
RT-PCR and sequencing of the complete RdRp, S, and N genes of HCoV-OC43 and phylogenetic analysis. The RNA was converted to cDNA by a combined random priming and oligo(dT) priming strategy. The complete RdRp, S, and N genes of HCoV-OC43 from 29 NPAs were amplified and sequenced using the primers shown in Table 1 and the strategy described in our previous publications (23, 53) . The nucleotide and the deduced amino acid sequences of the RdRp, S, and N genes were compared to those of HCoV-OC43 and other group 2 coronaviruses. A phylogenetic tree was constructed using the maximum-likelihood method in PhyML with GTR for RdRp and N genes and GTRϩI for the S gene. The substitution models were selected according to Akaike information criterion (AIC) implemented in ModelGenerator version 0.85 (17) . The robustness of branches was assessed by bootstrap analysis with 1,000 replicates. Reverse, TYAACTTCATTCATTTACTA N Complete genome sequencing. Two complete genomes of HCoV-OC43 from two patients (HK04-01 and HK04-02) were amplified and sequenced using the RNA extracted from the original NPAs as templates. The RNA was converted to cDNA by a combined random priming and oligo(dT) priming strategy. The cDNA was amplified by degenerate primers designed by multiple alignments of available HCoV-OC43 genome sequences using strategies described in our previous publications (24, 50, 52, 53) , and the coronavirus database (CoVDB) (15) was used for sequence retrieval. These primer sequences are available on request. The 5Ј ends of the viral genomes were confirmed by the rapid amplification of cDNA ends (RACE) using a 5Ј/3Ј RACE kit (Roche, Germany). Sequences were assembled and manually edited to produce final sequences of the viral genomes.
Genome analysis. The nucleotide sequences of the genomes and the deduced amino acid sequences of the open reading frames (ORFs) were compared to those of other coronaviruses using CoVDB (15) . Phylogenetic tree construction was performed using the neighbor-joining method using ClustalX 1.83, with bootstrap values calculated from 1,000 trees. The prediction of the receptor binding domain of spike protein was performed using InterProScan (2) . The prediction of potential N-glycosylation sites in the spike proteins was performed using the CBS NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/). The number of synonymous substitutions per synonymous site, K s , and the number of nonsynonymous substitutions per nonsynonymous site, K a , for each coding region was calculated using the Nei and Gojobori substitution model with Jukes-Cantor correction in MEGA 4.0 (41) . Bootscan analysis was used to detect possible recombination using the nucleotide alignment of the genome sequences of HCoV-OC43 strains HK04-01 and HK04-02, the ATCC strain, and Belgium strain BE03, generated by ClustalX version 1.83, and edited manually. Bootscan analysis was performed using Simplot version 3.5.1 as described previously (21, 22, 52) , with strains HK04-02 and BE04 as the query.
Estimation of divergence dates. Divergence times for the three OC43 genotypes, A, B, and C, were calculated using a Bayesian Markov chain Monte Carlo (MCMC) approach as implemented in BEAST (version 1.6.1) as described previously (7, 22, 47, 49) . One parametric model (constant size) and one non-parametric model (Bayesian skyline) tree priors were used for the inference. Analyses were performed under the GTRϩI and GTR substitution models for S and N gene sequence data, respectively, and using both a strict and a relaxed molecular clock. For the S gene, the MCMC run was 3 ϫ 10 7 steps long, while for the N gene the MCMC runs were 4 ϫ 10 8 and 6 ϫ 10 8 when the Bayesian skyline and constant-size coalescent tree prior was used, respectively, with sampling every 1,000 steps. Convergence was assessed on the basis of the effective sampling size after a 10% burn-in using Tracer software, version 1.5 (7) . The mean time of the most recent common ancestor (tMRCA) and the highest posterior density regions at 95% (HPDs) were calculated, and the best-fitting models were selected by a Bayes factor using marginal likelihoods implemented in Tracer (Tables 2 and 3) (40). Constant population size under a relaxed-clock model with an uncorrelated exponential distribution was adopted for making inferences, as Bayes factor analysis for the S gene indicated that this model fitted the data better than other models tested ( Table 3 ). The trees were summarized in a target tree by the Tree Annotator program included in the BEAST package by choosing the tree with the maximum sum of posterior probabilities (maximum clade credibility) after a 10% burn-in.
Nucleotide sequence accession numbers. The nucleotide sequences of the two genomes of HCoV-OC43 have been lodged within the GenBank sequence database under accession no. JN129834 and JN129835.
RESULTS

Clinical characteristics of patients with HCoV-OC43 infections. The clinical characteristics of the 29 patients with
HCoV-OC43 infections are summarized in Table 4 . Sixteen were males and 13 were females. Thirteen were children and 16 were adults, with most patients at the extremes of age (median age, 36 years old; range, 24 days to 94 years old). RT-PCR and sequencing of the complete RNA-dependent RNA polymerase, spike, and nucleocapsid genes of HCoV-OC43 and phylogenetic analysis. The complete RdRp, S, and N genes of HCoV-OC43 from the 29 NPAs were amplified and sequenced. The analysis of the RdRp genes showed that the 29 HK strains possessed 99.6 and 100% nucleotide identity to those of Belgium strains BE04 and BE03, respectively. Multiple alignments revealed that there were 33 nucleotide substitutions among the RdRp genes of the 29 HK strains. Phylogenetic analysis showed the existence of three clusters of sequences, all with high bootstrap values of Ͼ900 (Fig. 1) . One cluster, clade A, was formed by the ATCC and Paris strains. Fourteen HK strains were clustered with the BE03 and BE04 strains, forming clade B. The other 19 HK strains were clustered together, forming clade C. The analysis of the S genes showed that 5 of the 29 HK strains from 2004 (HK04-04, HK04-07, HK04-08, HK04-10, and HK04-17) possessed high nucleotide identities (99.1 to 99.5%) to Belgium strain BE03, while the other 24 sequences possessed high nucleotide identities (99.2 to 99.9%) to Belgium strain BE04. Multiple alignments revealed that there were 166 nucleotide substitutions among the S genes of the 29 HK strains. Phylogenetic analysis showed that the sequences fell into three clusters, all with high bootstrap values of Ͼ990 ( Fig. 1 ). Again, one cluster, clade A, was formed by the ATCC and Paris strains. In line with results from pairwise identities described above, five HK strains from 2004 and Belgium strain BE03 formed another cluster, clade B, while the other 24 HK strains and Belgium strain BE04 formed the third cluster, clade C.
Analysis of the N genes of the 29 HK strains showed results similar to those for the S genes. Multiple alignments revealed that there were 23 nucleotide substitutions among the N genes of the 29 HK strains. Phylogenetic analysis showed the existence of three clusters of sequences ( Fig. 1) . Again, the ATCC and Paris strains formed a distinct cluster, clade A. Similarly to findings of S gene analysis, five HK strains from 2004 were most closely related to the Belgium strain BE03, forming clade B. The N gene sequences of the other 24 HK strains were more closely related to those of Belgium strain BE04, forming another cluster, clade C.
From these results, 10 unusual strains, including Belgium strain BE04 and nine HK strains 
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HCoV-OC43 RECOMBINATION 11329 on April 9, 2015 by ST ANDREWS UNIV http://jvi.asm.org/ gene sequences. They belonged to clade B in the RdRp tree but belonged to clade C in the S and N trees. Multiple alignment also revealed that these 10 unusual strains displayed higher nucleotide similarity to other clade B strains in their RdRp genes, but they displayed higher nucleotide similarity to clade C strains in their S and N genes. These results suggested the presence of at least three genotypes of HCoV-OC43: genotype A (comprising only the ATCC and Paris strains), genotype B (including Belgium strain BE03 and five HK strains from 2004), and genotype C (including 15 HK strains from 2004 to 2006). Moreover, 10 unusual strains, including Belgium strain BE04 and nine HK strains, may represent an additional genotype, genotype D, which may have arisen from recombination between genotypes B and C. Interestingly, while one (HK04-02) of the nine genotype D strains from Hong Kong was detected in 2004, all eight HK strains from 2008 to 2011 included in this study belonged to genotype D, suggesting that this genotype is the predominant genotype in recent years in our population. Moreover, seven of these eight recent strains were associated with pneumonia, especially in the elderly, three of which were complicated by heart failure (Table 4 ). Complete genome analysis of two HCoV-OC43 strains, HK04-01 and HK04-02. To determine if genotype D strains have arisen from recombination between genotypes B and C, the complete genome sequences of one selected strain from genotype D, HK04-02, and one selected strain from genotype C, HK04-01, were determined (complete genome sequence was available for genotype B strain BE03). The sizes of the genomes of the two HCoV-OC43 strains, HKU04-01 and HKU04-02, ranged from 30,710 to 30,722 nucleotides, with a GϩC content of 37%. Their genome organizations were typical of Betacoronavirus (Fig. 2) .
Phylogenetic trees using the nucleotide sequences of putative proteins and polypeptides (nsp1 to nsp16, NS2a, hemagglutinin-esterase [HE], S, NS5a, envelope [E], membrane [M], and N) of the two present strains and five other HCoV-OC43 complete genome sequences available (from ATCC, Paris, and Belgium strains) were constructed and are shown in Fig. 3 . In most of the trees, the ATCC and Paris strains formed a distinct cluster separate from the two Belgium and two HK strains. In most nsp proteins except nsp5 and nsp15, strains HK04-02 and BE04 were more closely clustered with strain BE03 than with strain HK04-01 (in nsp1 to nsp4, nsp6, nsp8, and nsp12) or clustered closely with both strains (in nsp7, nsp9 to nsp11, nsp13, nsp14, and nsp16). However, in HE, S, E, M, and N genes, strains HK04-02 and BE04 were more closely clustered with strain HK04-01 than with strain BE03. This suggested that the two strains have arisen from recombination.
Results from bootscan analysis were in line with the observations described above. From the 5Ј end of the genome to position 22500, bootscan analysis showed a number of possible recombination sites when the genome of strain HK04-02 was used as the query (Fig. 2) . Upstream of position 15500, most of the region exhibits higher bootstrap support for the clustering of strain HK04-02 with BE03, except between positions 2500 and 5000, where higher bootstrap support for clustering with strain HK04-01 was observed. From positions 17000 to 22500, most of the region exhibits higher bootstrap support for clustering between strains HK04-02 and HK04-01. From position 22500 to the 3Ј end of the genome, no further recombination sites were detected, with high bootstrap support for clustering between strains HK04-02 and HK04-01 observed. These indicated that recombination has taken place between nucleotide positions 2500 and 5000 (corresponding to the nsp2/nsp3 junction), between nucleotide positions 15500 and 17000 (corresponding to the nsp12/nsp13 junction), and/or around nucleotide position 22600 (corresponding to the NS2a/HE junction). Similar results were obtained when strain BE04 was subjected to bootscan analysis (Fig. 2 ). Among these three potential recombination sites, the one at the nsp12/nsp13 junction most likely has resulted in the incongruent phylogenetic positions observed in the RdRp, S, and N genes among the genotype D strains, as this is the junction that bridges between reciprocal clustering to genotype B and C strains observed in RdRp and S genes, respectively.
Further analysis of the present two HCoV-OC43 genomes revealed the presence of a putative transcription regulatory sequence (TRS) motif, 5Ј-UC(U/C)AAAC-3Ј, at the 3Ј end of the leader sequence, and it preceded each translated ORF except for those of the NS5a and E genes, as described for HCoV-OC43 genomes previously (39) . For NS5a, it has been suggested that 5Ј-UCUUAAG-3Ј was the putative TRS in the ATCC strain (39) . However, this sequence was absent from the two Belgium strains, BE03 and BE04, and the present two strains, HK04-01 and HK04-02, as a result of a 12-nucleotide deletion from the region (Fig. 4) . Upstream of this deletion, a potential alternative TRS, 5Ј-UCUAGCA-3Ј, was identified 20 bp upstream to the start codon. It has been found previously that sequences in a similar region, upstream of E of HCoV-NL63 and NS5a of HCoV-HKU1, were homologous to a fragment of the corresponding leader sequences, which may serve as a compensation mechanism for the absence of an optimal TRS (34, 35) . In HCoV-OC43, a 39-bp sequence upstream of NS5a also was found to be homologous to its leader sequence ( Fig. 4) . Further experiments are required to determine if NS5a utilizes a TRS or another mechanism for translation. As in sialodacryoadenitis virus (SDAV) and mouse hepatitis virus (MHV), the putative E gene of HCoV-OC43 may share the same TRS with NS5a, suggesting that the translation of the E protein is cap independent, possibly via an internal ribosomal entry site (IRES) (16) . In MHV, an IRES element, UUUUA UUCUUUUU, has been identified upstream of the initiation codon of the E protein (16) . A stretch of 13 nucleotides, CUUUAUUACCUGG, is present at this position in HCoV-OC43 according to multiple alignment. Further experiments would determine if this or another nearby sequence acts as an IRES for the E protein of HCoV-OC43.
The analysis of the predicted S proteins of the present 29 HCoV-OC43 HK strains revealed a potential N-terminal signal peptide of 14 to 17 amino acids by SignalP-HMM and SignalP-NN, respectively. A potential cleavage site located after RRSRR that is identical to that of bovine CoV (BCoV) (1) and the two Belgium HCoV-OC43 strains BE03 and BE04 (48) , between residues 766 and 767, where S will be cleaved into S1 and S2, was identified in the S proteins of all 29 strains. The residues RRSRG were observed upstream of the potential cleavage site in the S proteins of the ATCC and Paris strains. It has been suggested that the G-to-R amino acid change in the last position, leading to an RRSRR motif, leads to an increased cleavability compared to that of the ATCC prototype HCoV-OC43 spike protein (48) . The analysis of the S proteins of HCoV-OC43 also reveals different numbers of potential N-linked glycosylation sites in different strains, with six NXS and eight NXT sites in the ATCC and Paris strains, six NXS and nine NXT sites in strain BE03, and seven NXS and nine NXT sites in strains BE04, HK04-01, and HK04-02. Sialic acid was known to be the receptor for S protein binding in HCoV-OC43, although the receptor-binding domain is not well defined (18) . The S gene of the 29 HK strains contains a putative receptor binding domain (amino acid positions 339 to 549) with 90 to 96.5% amino acid identities to sequences of ATCC and Paris strains.
Using all seven available HCoV-OC43 genome sequences for analysis, the K a /K s ratios for the various coding regions were calculated ( Table 5 ). The highest K a /K s ratios in HCoV-OC43 genomes were observed at nsp5 (0.599), followed by HE (0.542), S (0.402), and N (0.369), suggesting that these regions in HCoV-OC43 are under higher selection pressure. However, when using the 29 HK strains (from 2004 to 2011) for analysis, the K a /K s ratio for the S gene dropped to 0.270. This is likely due to the very high K a /K s ratio observed at S genes among the three genotype A (5.134) strains compared to ratios for genotype B (0.332) and genotype C (0.316) strains.
Estimation of divergence dates. Using the constant population size under a relaxed-clock model with an uncorrelated exponential distribution, the mean evolutionary rate of HCoV-OC43 was estimated at 6.7 ϫ 10 Ϫ4 and 3.6 ϫ 10 Ϫ4 nucleotide substitutions per site per year for S and N genes, respectively (Fig. 5) . These estimates were comparable to previous findings of 6.1 ϫ 10 Ϫ4 and 3.6 ϫ 10 Ϫ4 nucleotide substitutions per site per year for S and N genes of pigeon herpes encephalomyelitis virus, BCoV, and HCoV-OC43 (49) . Molecular clock analysis using the S gene showed that the tMRCA of all HCoV-OC43 genotypes was estimated at 1,956.8 (HPDs, 1,940.16 to 1,966.49) 54 years ago; that of genotype A at 1,964.55 (HPDs, 1,960.74 to 1,966.73) 47 years ago; that of genotypes B and C at 1,984.11 (HPDs, 1968 .67 to 1996.31) 27 years ago; that of genotype B at 1,996.27 (HPDs, 1,989.83 to 2,001.08) 15 years ago; and that of genotype C at 2,001.81 (HPDs, 1,998.66 to 2,003.82) 9 years ago. Molecular clock analysis using the N gene showed that the tMRCA of all HCoV-OC43 genotypes was estimated at 1,956.65 (HPDs, 1,933.5 to 1,966.99), also 54 years ago; that of genotype A at 1,965.58 (HPDs, 1,961.92 to 1,967) 46 years ago; that of genotypes B and C at 1,989.39 (HPDs, 1,970.22 to 2,001.91) 22 years ago; that of genotype B at 1,997.93 (HPDs, 1,988.21 to 2,002.9) 13 years ago; and that of genotype C at 1,998.91 (HPDs, 1,990.87 to 2,003.59) 12 years ago. These estimates using the two different genes were consistent and also were in line with a previous study demonstrating the tMRCA of HCoV-OC43 strains at 1,944 and 1,957 by S and N gene analysis, respectively (49) .
DISCUSSION
The present study represents the first report of possible natural recombination among HCoV-OC43 strains, which has resulted in the emergence of strains of potentially novel genotypes. Although HCoV-OC43 was first discovered in 1967 (30) , genomic studies of HCoV-OC43 have been scarce, with the first complete genomes coming from a laboratory strain from the ATCC and a clinical isolate, designated Paris, reported in 2004 (39) . This was followed by genomic studies on two HCoV-OC43 strains detected in 2003 and 2004 in Belgium, showing that the Belgium strains were genetically distinct and that HCoV-OC43 could have originated from recent zoonotic transmission (47, 48) . It also was found that the Paris isolate may be cross-contaminated with the ATCC strain, which explains their close genetic relatedness (48) . A later study from France analyzing the S1 genes of seven HCoV-OC43 strains also showed high genetic diversity (43) . In this study, we FIG. 3. Phylogenetic analysis of nsp1 to nsp16, NS2a, HE, S, NS5a, E, M, and N genes of seven HCoV-OC43 genomes. The trees were constructed by the neighbor-joining method using Kimura's two-parameter correction, and bootstrap values were calculated from 1,000 trees. A total of 738, 1,815, 5,697, 1,488, 909, 861, 267, 591, 330, 411, 46, 2,784, 1,809, 1,563, 1,125, 900, 837, 1,244, 4 ,092, 330, 248, 678, and 1,347 nucleotide positions in nsp1, nsp2, nsp3, nsp4, nsp5, nsp6, nsp7, nsp8, nsp9, nsp10, nsp12, nsp13, nsp14, nsp15, nsp16, NS2a, HE, S, NS5a, E, M, and N, respectively, were included in the analysis. The scale bar indicates the estimated number of substitutions per 50 or 100 nucleotides as indicated. The corresponding nucleotide sequences of HCoV-HKU1 were used as the outgroups. . Moreover, genotype D is likely a recombinant genotype which has arisen from recombination between genotype B and C strains at a region between the RdRp and S genes within the genome. To investigate the suspected recombination event, complete genome sequences of two strains, HK04-01 (genotype C) and HK04-02 (genotype D), were determined. Both phylogenetic and bootscan analyses showed possible recombination events between genotypes B and C in the generation of genotype D strains, a situation similar to that reported for HCoV-HKU1 (52) . The analysis of more HCoV-OC43 strains from other countries also will reveal the relative prevalence of the different genotypes in different localities and the presence of additional genotypes arising from other recombination events.
The recombinant genotype D strains may represent an emerging HCoV-OC43 genotype associated with human infections. The present study, the first molecular epidemiology study on HCoV-OC43 infections with clinical characteristics presented, revealed genetic evolution into different genotypes over time. In a previous study from Belgium, three phylogenetic clusters were identified based on S gene analysis, the ATCC cluster and two clusters containing four 2003 strains and three 2004 strains, respectively, suggesting different temporal patterns among different clusters (48) . In this study, 29 HK strains collected during a 7-year period were included to better elucidate the genetic evolution of HCoV-OC43 over time. None of the contemporary strains belong to genotype A, which consisted only of ATCC and Paris strains that likely were Although the tMRCA of the recombinant genotype D strains could not be studied by molecular clock analysis, the detection of a genotype D HK strain and the reported Belgium strain BE04 from 2004 suggested that this genotype has emerged no later than that year. Moreover, seven of the eight genotype D HK strains from 2008 to 2011 were associated with pneumonia, especially in the elderly, suggesting that this emerging, recombinant genotype is associated with more severe disease. However, molecular epidemiology studies involving a larger number of strains and from different geographical areas are required to better understand the molecular evolution of HCoV-OC43 and the relative pathogenicity of the different genotypes. Continuous studies also are warranted to detect the emergence of new genotypes and recombinants of HCoV-OC43 as well as other human coronaviruses and to assess their significance and potential in causing future epidemics. Nevertheless, it should noted that the amplification and sequencing of a single gene may not be sufficient to define the genotypes of HCoV-OC43, HCoV-HKU1, HCoV-NL63, and probably other coronaviruses (36, 52) . Given that recombination events are not uncommon among these human coronaviruses, the amplification and sequencing of at least two gene loci, probably one from ORF1ab (e.g., RdRp or helicase) and one from HE to N (e.g., S or N), should be performed to more accurately understand their molecular epidemiology and reveal novel genotypes due to recombination events.
Although MHV is, historically, the most well-studied coronavirus for recombination in in vitro studies (10, 28) , there is increasing evidence for natural recombination in other coronaviruses, some of which lead to the generation of new strains 
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HCoV-OC43 RECOMBINATION 11335 on April 9, 2015 by ST ANDREWS UNIV http://jvi.asm.org/ or genotypes. In feline coronavirus (FCoV), FCoV type II strains have been found to have originated from a double recombination between FCoV type I and canine coronavirus (CCoV) in the M gene (14) . Novel CCoV type II strains also have been suggested recently to have originated from double recombination with porcine transmissible gastroenteritis virus in the S gene (6) . In our previous study on the natural recombination of HCoV-HKU1 in the generation of different genotypes, the sites of major recombination were localized at nsp16 just upstream of the stop codon of ORF1ab, at the end of nsp6, and upstream of nsp5 (52) . Recently, we also have demonstrated natural recombination events among different bat coronaviruses, including those which could have accounted for the emergence of civet SARSr-CoV (22) . It was found that civet SARSr-CoV strain SZ3 was a potential recombinant of horseshoe bat SARSr-Rh-BatCoV strains Rp3 from Guangxi Province and Rf1 from Hubei Province, with a recombination breakpoint identified at the nsp16/S intergenic region (22) . In the study on Rousettus bat coronavirus HKU9, which belongs to novel Betacoronavirus subgroup D, recombination was identified at nsp3 and at the nsp15/16 junction (21) . In this study, possible recombination was observed mainly within ORF1ab at the nsp2/nsp3 junction, nsp12/nsp13 junction, and NS2a/HE junction of HCoV-OC43 genomes. ORF1ab is the region most susceptible to recombination in the coronavirus genomes. Further studies are required to better understand the role of recombination in various coronaviruses and the common sites of recombination in coronavirus genomes. The present results also revealed previously undescribed features in the HCoV-OC43 genomes. Although the TRS preceding most ORFs in HCoV-OC43 genomes has been described previously, the putative TRS shared between NS5a and E suggested for the ATCC strain (39) was absent from the genomes of BE03, BE04, HK04-01, and HK04-02 as a result of a 12-nucleotide deletion. While we identified a potential alternative TRS, a 39-bp sequence homologous to the leader sequence also was found upstream of NS5a. Such a homologous sequence has been suggested as a compensation mechanism for the absence of TRS in HCoV-NL63 and HCoV-HKU1 (34, 35) . Further experiments are required to ascertain the mechanism for the translation of NS5a and E protein in HCoV-OC43. The analysis of the K a /K s ratios for different regions of the HCoV-OC43 genome also revealed interesting findings. The K a /K s ratios were relatively high at nsp5, HE, S, and N regions of the HCoV-OC43 genome, suggesting that these regions were under higher selective pressure. The nsp5 of HCoV-OC43 encodes the chymotrypsin-like protease 3C-like protease (3CL pro ) that is important for the proteolytic cleavage of the large polyprotein encoded by ORF1ab. The 3CL pro of SARS-CoV also has been found to induce cellular apoptosis (27) . Both HE and S are major viral membrane glycoproteins which may be important for tissue tropism, cell attachment, and eliciting neutralizing antibodies (20, 59, 60) . The coronavirus N protein, a highly phosphorylated protein required for viral replication, is also an immunogenic protein which elicits subgroup-specific antibody responses (12, 21, 51, 58) . Interestingly, the K a /K s ratios at the S gene had dropped from 5.134 among genotype A strains isolated in the 1960s to 0.270 among the 29 HK strains from 2004 to 2011. This may reflect the rapid evolution of spike protein to adapt to a new host soon after interspecies transmission, as HCoV-OC43 was thought to have originated from zoonotic transmission, sharing a common ancestor with bovine coronavirus dating back to 1890 (47) . Further studies on more ancient and contemporary strains are required to better understand the selective pressure at different regions of the HCoV-OC43 genome and its significance in terms of protein function and evolution.
